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I. INTRODUCTION 
An investigation of the thorium-yttrium alloy system was 
undertaken primarily to determine the phase diagram as part 
of the program to further "the "knowledge of the metallurgy of" 
thorium and yttrium, both of which are potential reactor 
materials. Secondly, an examination of the known properties 
of the two metals suggested that complete solid miscibility 
was likely if yttrium transformed to a body-centered cubic 
lattice at elevated temperatures. Furthermore, if the phase 
diagram showed regions of extensive solid miscibility at room 
temperature, then a preliminary study of the effects of 
composition on the mechanical and corrosion properties of the 
alloys would be of interest. 
Since one of the reasons for investigating this system 
was based on the predicted alloying behavior of the metals, 
a discussion of these predictions is presented here. These 
predictions arise from a number of empirical rules for al­
loying behavior which have been postulated by Hume-Rothery 
(16). If the percentile difference in atomic radii of two 
metals is less than 15 per cent and if the electronegativ­
ities are similar, a condition for complete or extensive 
solid miscibility exists. If the above conditions are sat­
isfied, complete solid solubility of the two metals can occur 
provided they have the same type of crystal lattice. Further­
more, Hume-Rothery and co-workers (15) observed that, other 
2 
things « being equal, a metal of lower valence will dissolve 
more of another metal of higher valence than vice versa. The 
properties of thorium and yttrium that will aid this estimate 
of the phase diagram are shown in Table 1. The atomic radii 
are one-half the distance of closest approach calculated from 
the lattice constants of-the particular metal. The per cent 
difference in atomic radii was determined from the equation 
Table 1. Some physical properties of thorium and yttrium 
Property Thorium Yttrium 
Melting point 1750° C 14750 - 1550°C 
Allotropy Fee 
a
, 
to l400°Co 
3 = 5»086 A 
Hexagonal 0 
~ 3»6474 A 
Bcc 
a
, 
l400°C to mp 
D (1450°C) = 4.11 
» c_ = 5.7306 A 
A 0 
Atomic radii3 r = 1.788 A r = 1.827 A 
Electronegativities^ 1.3 1.1 
Normal valence + 4 + 3 
Electronegativity 
difference 0.2 
Per cent difference 
in atomic radiic 2.16 
^Calculated from crystal lattices. 
h Calculated from Pauling's electronegativity equation. 
^Calculated from Equation 1. 
3 
D 
100 (rY - rTh) 
(1) 
where D is the percentile difference, rY and r^^are the 
their arithmetic mean. The electronegativity values shown 
were calculated from Pauling1 s electronegativity equation 
where Q is the heat of formation for a particular compound 
and x represents the electronegativity of the element involved. 
It is readily observed that complete miscibility is im­
possible at room temperature since thorium and yttrium have 
incompatible space lattices. However, since the size factor 
and electronegativity differences are very small, extensive 
solubility of the two metals in each other is predicted at 
room temperature. Also, as yttrium has a lower valence, it 
might be expected to dissolve more thorium than vice versa. 
Assuming that the size factor and electronegativities do not 
vary appreciably at temperatures above the alpha to beta 
thorium transformation, the prediction for the high tempera­
ture part of the phase diagram is the same as that at low 
temperatures unless it is found that yttrium has a high tem­
perature body-centered cubic allotrope. If this occurs, then 
it is very likely that complete solid miscibility will exist 
atomic radii of yttrium and thorium respectively and r 
avg. is 
(19) 
Q = (23.06)(xa - xb)2 (2 )  
4 
at high temperatures. This would be interesting since only 
one other thorium alloy system is known to have complete high 
temperature solid miscibility. This is the thorium-zirconium 
system for which a phase diagram was proposed by Gibson et 
al. (9). Most hexagonal metals, particularly the rare earth 
metals, have a high temperature body-centered cubic structure; 
therefore,- a high temperature body-centered cubic structure 
is also expected to be found in yttrium. A high temperature 
ailotrope of yttrium showing complete miscibility with thorium 
above the transformation temperature and extensive solubility 
below could provide a means for establishing the transforma­
tion temperature by extrapolating phase boundary data. 
II. LITERATURE SURVEY 
Thorium was first discovered by Berzelius as quoted by 
Hodgman (14, p. 332) in 1828. It is a soft, silver-white 
meLai commonly produced by the reduction of the tetrafluoride 
with calcium in a sealed vessel (26, pp. 78-IO3). Crystal 
bar thorium is prepared by the decomposition of the tetra-
iodide on a heated thorium filament to give metal of very high 
purity. The physical and mechanical properties of thorium ° 
are given in Table 2. 
Table 2. Physical and mechanical properties of thorium3 
Property Value 
Atomic number p 90 
Atomic weight 232.05 
Crystal structure 
Fee up to l400°C (25°C) = 5.086 + 0.0005oA 
Bcc 1400°C to mp a° (l450°C) = 4.11 + 0.01 A 
Atomic diam. ^ ^ 6 A 
Density (25°C) 
X-ray 11.72 g per cu cm 
Bomb-reduced (as-cast) 11.5-11*6 g per cu cm 
Arc-melted crystal bar 11.66 g per cu cm 
Electrical resistivity (25°C) 
Bomb-reduced metal 18 m-ohm-cm 
Pure thorium (estimated) 13 - 15 m-ohm-cm 
Temperature coefficient 3.6 to 4.0 x 10~3 per °C 
^Obtained from book by Wilhelm, K. A. (26, pp. 134, 
191). 
Table 2. (Continued) 
6 O 
© 
e 
0 
Property Value 
Melting point 1%50°C 
Soiling point 3500 to 4200°C 
Heat of vaporization 130 to 145 Kcal per mol 
Heat of fusion Less than 4.6 Kcal per mol 
Elastic constants (25°C) O 0 
Young's modulus 
Shear modulus 
Pois"son's ratio 
10.3 
4.1 
0.27 
x 10^ psi 
x 10° psi° 
Work function 3-51 + 0.05 ev. 
Tensile (bomb-reduced in 
as-cast condition) 
Tensile strength, 1000 psi 48.8 
23.9 
31.7 
max. 
min. 
avg. 
Yield strength, 0,2% 
offset, 1000 psi 
30.1 
13.8 
20.9 
max. 
min. 
avg. 
Elongation in a one inch 
gauge length, % 
58 max. 
8 min. 
34 avg. 
Reduction in area, % 56 max. 
7 min. 
35 avg. 
Yttrium is a soft, silver-white metal first discovered 
by Gadolin as quoted by Hodgman (14, pp. 334-335) in 1794. 
Yttrium occurs in nearly all of the rare earth minerals and 
is separated by the ion exchange method. Yttrium metal is 
7 
produced by the reduction of the trifluoride with calcium as 
^described by Carlson, Schmidt and Spedding (3). This method 
consists of reacting yttrium trifluoride, calcium chloride, 
o 0 
calcium and magnesium metals in a zirconium crucible sealed 
under an argon atmosphere in a steel retort. The reaction is 
carried out at approximately 1000°C where a molten yttrium-
magnesium alloy and calcium chloride-calcium fluoride slag are 
formed. Since the alloy is heavier and settled to the bottom 
the slag is easily removed after cooling. The brittle alloy is 
crushed and the magnesium removed by vacuum distillation leav-
« 
ing an yttrium-sponge product. The sponge is then pressed into 
electrodes which are consumably, vacuum arc-melted to remove 
the residual amotints of calcium and magnesium and produce „ 
solid yttrium ingots. The physical and mechanical properties 
of yttrium preparedcby this process are given in Table 3« 
A survey of the literature showed that no previous work 
has been done on the thorium-yttrium system. 
Table 3» Physical and tensile properties of yttrium 
Property Value 
Atomic number 39 
Atomic weight 88.92 
Crystal structure3 
Hexagonal 0 aQ = 3* 6474 + 0.0007 A 
a0btained from paper by Spedding, F. H., Daane, A. H. 
and Herrmann, K. W., (23). 
O 
© 
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Table 3. (Continued) 
Property Value 
No known allotropes 
Density*5 
. ° 
Electrical resistivity 
Poxycrystalline data( 
Single crystal data 
Parallel to a axis 
Parallel to c axis 
Melting point6 
f Boiling point 
Elastic constants (25°0)1 
Young's modulus 
Shear modulus 
Poisson's ratio 
c = 5.7306 + 0.0008 A 
4.472 g per cu cm 
64.9 m-ohm-cm (25°C) 
83.5 m-ohm-cm Xl00°C) 
133«5 m-ohm-cm (400°C) 
169.5 m-ohm-cm (-700°C) 
190.6 m-ohm-cm (1000°C) 
82 m-ohm-cm (25°C) 
49 m-ohm-cm (25°0 ) 
1475° - 1550°C 
2500°C 
Tensile g 
Tensile strength 
(1000 psi) 
9.6 x 10, psi 
3.8 x 10° psi 
0.265 
28.4 max. 
19.7 min. 
24.0 avg. 
xi.. Obtained from paper by Smith, J. F., Carlson, C, 
and Spedding, F. H., °(22 ). 
^Obtained from paper by Fisher, R. W. and Fullhart, 
C. B., (S). 
^Obtained from graphical data by Hall, P. M., (13). 
^Obtained from research notebooks by Bare, D. W., (1) 
and Wakefield, G. F., (25). 
^Obtained from handbook by Hodgman, C. D., (14). 
° ^Obtained from research notebook by Gibson, E. D., (11) 
Table (Continued) 0 
Property Value 
Yield strength (1000 'psi) 17-9 max. 
0.5% offset 10.5 min. 
13.9 avg.° 
Elongation in a one inch 11.5 max. 
gauge length, % 5.0 min. 
0 0 7.2.avg. 
III. EXPERIMENTAL METHODS AND APPARATUS 
° e o 
e « 
A. Preparation of Alloys 
o (0 
The alloys for the investigation of this system were 
prepared from thorium and yttrium metals produced at the Ames 
0 ° o 
10 o 
Laboratory. Alloys used for thermal analyses"", tensile tests 
and air corrosion studies were prepared from calcium bomb-
reduced thorium and production grade yttrium. All other al­
loys were prepared from crystal bar thorium and a special 
reduction of yttrium which was carried out in a tantalum 
crucible. This special reduction was made in order to 
eliminate the 0.5 wt.% zirconium impurity present in produc­
tion grade yttrium. The product from this reduction, ap­
proximately 700 grams, contained no zirconium and less than 
. 
100 ppm tantalum." Typical analyses for the materials used 
are presented in Table -4 and Table 5« 
All of the alloys were prepared by the arc-melting 
°process. This means of preparation was utilized in order, 
-
to reduce to a minimum the contamination often obtained from 
3 r c 
the casting crucible and the atmosphere under which the melt­
ing occurs. The laboratory arc-melting furnace consists of 3 
a water-cooled chamber which was evacuated to pressures less 
than 0.01 microns before being filled with a helium atmospher 
A direct current arc was struck between a tungsten electrode 
and*the specimen which rested on a water-cooled copper cru-
Table 4. „ Analysis of Ames thorium and Ames crystal bar 
thorium 
Impurity ° Composition (vt. 
«Ames thorium .Crystal bar« thorium 
°2 
°2b° 
"a3 
N2b 
H2b 
Alc 
Sic 
Fec 
Bec 
Zrc 
Other 'elements 
,03? 
.012 
.015 
1009 
.009 
.014 
.003 
.003 
Faint traces 
.01 
.003 
o 0 
. 0014 
.01 . 
.00006 
.0004 
.003 
.005 
Less than .002 
Less than .002 
.02 
Less than .002 
Chemical analysis. 
uVacuum fusion. 
cSpectrographic analysis. 
cible. In order to preshape the specimens according to the 
intended experiment the copper crucibles were machined with 
a variety of grooves and flat-bottomed holes, (called '-'button 
holes"). A piece of zirconium was melted several times prior 
to the melting of the specimens to reduce the amount of 
residual contaminant gases always present in the helium. 
8 12= 
° 0 
o 0 
Table 5* Analyses of yttrium metal reduced in zirconium and 
tantalum crucibles ° ° 
JQmpurity Composition (wt. %)a 
Yttrium prepared in a Yttrium prepared in a 
zirconium crucible tantalum crucible 
Ca 
o
 
o
 .04? • 
»2a 
<9 
.016 .01 
°2b .22 .20 
Mgb Less than .05 Less than .003 
Sib .012 .01 
- Cab Less than .05 Less than .001 
Nib .03 
» 
.03 
Taa — — Less than .01 
Zrb .50 
Fea .02 
V * 
.02 
aChemical analysis. 
•u 
Spectrographic analysis. 
Since the electrode was movable it was possible to turn the 
specimens over and remelt them, a process which was repeated 
at least five times on each specimen to insure thorough mix­
ing. The movable electrode also made it possible to prepare 
up to seven alloys without opening the chamber between melts. 
Most of the alloys, as-arc-melted, weighed 20 grams or more. 
The weight loss during the arc-melting of these alloys ranged 
from 0.1 to 0.5 wt.%; therefore, nominal compositions were 
o 
, ° 
13 
used throughout the investigation. ° 
° B. Solidus Determination 0 
O 
The method of Pirani and Alterthum (21) was used t© ob­
tain solidus point q,. This method consists® oS heating a bar 
of metal by clamping it between two water-cooled copper 
electrodes qnd passing a current through it. The temperature 
© 0 ® 
is measured by an optical pyrometer focused on a small sight-
G 
hole drilled intocthe center of the bar. The temperature 
at which liquid can first be observed fn the hole is taken 
to represent a point on the solidus line. » 
The melting jDoint bars for this investigation were 
prepared by arc-melting samples in the shape of bars ap­
proximately 2 inches long and 1/4 inch in diameter. The 
sight-hole was drilled, with a Glennite ultrasonic drill and 
the bars«were notched at"the sight-hole to insure initial 
melting in this «region. Since the volatilization of yttriumc 
heated in vacuo caused the sight glass to become filmed, the 
melting point determinations were conducted in a helium 
atmosphere, The apparatus" with a specimen in position for 
0 
a O 
testing is shown in Fig. 1. 
o = 
° C. Thermal- Analysis 0 
0 Q 
1.0 
o Cooling curves are one of the most reliable methods of 
ascertaining phase relationships occurring Qin alloys. This 
Fig. 1. Assembled apparatus for melting point determinations 
'0 
o 
is particularly true at temperatures below 1200°C. Above 
this temperature the problems of temperature*measurement, 
applying heat uniformly and contamination from materials 
within the heating system become considerable. 
Figures 2, 3 and 4 show the apparatus utilized to ob­
tain heating and cooling curves for alloys in this system. 
o 
Figure 2 shows the details of the vacuum apparatus, control 
panel on the right and power supply on the .left.1 A pressure 
of less than 10"*^ millimeters of mercury was maintained dur­
ing the measurements with this apparatus. Figure 3 gives 
the details of the graphite tube furnace construction. In 
6 
ord'er to carry out the thermal analyses the specimen shown 
in Fig. 5 was replaced with the crucibles and specimens shown 
in Fig. 4. The larger-graphite crucible is used to suspend 
the smaller crucible in the center of the furnace's hot zone. 
The smaller crucible serves as a container for the alloy 
specimen and reference specimen. The thermal specimens were 
prepared by arc-casting the alloys-into 1/2 inch diameter by 
el 1/4 inch tantalum crucibles. A 1/8 inch diameter hole was 
drilled into the top of the specimens to permit insertion 
of the thermocouples. The thermocouple wires were insulated 
6 1 * 
from each other using alundum tubing with a tantalum protec­
tion tube placed over the.end of the thermocouple to avoid 
reaction with the alloys. The thermocouple connections were \ °° 
made through four copper terminals at the top of the vacuum 
16 
O 
Fig. 2. Apparatus for thermal analyses 
<0 
Fig. 3. Construction details of graphite tube furnace 
1. Sight glass 
0 2# Fuse wire « 0 0 
3. Water cooling® coil 
4. *Bakelite insulating ring 
Copper conductor 5. 
6. "0" ring 
7. Copper radiation shield 
8. Tungsten support wire 
6 ° 
9* Copper vacuum chamber 
c J 
10. Stainless steel 'radiation shield 
11. Graphite radiation shield 
12. Graphite conductor and radiation shield 
13. Graphite heater 
14. Specimen 
15* Graphite electrodes 
16. Bakelite insulators 
17. Water cooling inlets for copper electrodes 
(outlets "not shown) 
18. Graphite bolts 
19. Spring trap 
20. Copper electrodes (power cables bolted to these) 
o 
21. "0" ring insulator and Vacuum seal 
0 
VACUUM 
SYSTEM 
^ 06) 
ar. ; -
gO 
(5) 
(0T TO QUENCHING POT 
HIGH TEMPERATURE FURNAC! 
— ?" ~ ® 
. * -2"r' * • 
Fig. 4. Crucible assembly for making thermal measurements 
20 
S * ° . 
chamber. . ,* 
Tung^tsen-niobium «thermocouples were fdund" to be the most' 
durable for thi's investigation. Platinum/platinum -13 per 
cent rhodium thermocouples failed when heated in- vacuum in 
the presence of carbon. To obtain the maximum sensitivity 
for observing a thermal transition above 1200°C tjie differ-
ential cooling curve method was employed. A vanadium sample 
was used as a reference specimen.. 
-
The tungsten-niobium thermocouples were calibrated 
against a Leeds and Northrup optical pyrometer up to l600°C. 
It was observed that the calibration changed with time; 
therefore, new thermocouples were used with each test. The 
change in the calibration caused an erfor of + 30 C° in the 
measurement of the temperature. The crucible containing the 
specimen,and standard was checked for temperature gradients 
by placing thermocouples at the top, center and bottom of 
the crucible. A 5 0°gradient was detected by this means be­
tween the top and bottom of the crucible, the tep being cool­
er. -To help smooth out this gradient and hold the thermo­
couple in the center of the specimen when the alloys became 
^molten, a small tantalum cover was placed over the specimen 
crucible. « ° » 
e 
o o o 
A Brown XX Electronik recorder was used to record the 
thermal data obtained in this investigation. The temperature 
«0 
of the specimen was recorded with*one pen and the temperature 
difference between the specimen and reference sample was 
recorded with.the second pen of the recorder. 
D. Electrical Resistance Measurements 
. • • e 
The electrical resistance method of detecting phase 
_changes in alloys was utilized in this Investigation for 
several reasons. 'Contamination of metals as reactive as 
thorium and yttrium is reduced to a minimum since the heated 
portion of the sample is in contact with only the surrounding 
atmosphere. Data can be obtained by this method on phase 
transitions whicti occur too rapidly.to retain their high 
temperature forms on'quenching-. Also, electrical resistance 
data can be obtained on phase changes tjhat proceed too slowly 
or with too small a change in enthalpy to be detected by 
thermal analysis. • 
The electrical resistance data were obtained using an 
apparatus which'has been described by Chiotti (5). Ta obtain 
electrical resistance data on alloys the potential developed 
between two probes' which make contact with the test piece is • 
balanced against the potential developed across the.secondary 
of a current transformer. The primary of the current trans­
former is connected in series with the test piece. The test 
piece in the form of a rod is mounted between two water-
cooled copper electrodes and is heated by passing a .60 cycle 
current 'through it. The resistance is measured directly and 
o » » 
0 
© 
o o . " 22 
0 recorded on a specially adapted Brown Electronik recorder. 
e 
The clamping "arrangement of the test piece and the con­
struction details of.the apparatus are shown in Fig. 5- The 
test specimens, heated in an atmosphere of helium, consisted 
of rods varying in length from' 5 to 10 centimeters with a• 
uniform diaiheter of.0.5 centimeters along the heated portion 
of the bar. . The end's of the rods were threaded and .fitted 
with molybdenum adapters to lengthen the rods and help' smooth 
out the temperature, gradient along the rod. Fdr this same 
reason grooves were machined in the rods approximately*1/2 
•centimeter from the probe- connections,' between the probes and 
the ends of the rods. These two factors reduced the tempera­
ture gradient between the probes and the center of the bars 
to between 5 and 10 c! The probes consisted of 5 mil tung­
sten wires spot-welded to the surface of the specimen ap­
proximately one centimeter apart and equi-distant from the 
center of the specimen. The temperature was measured rçith 
a Leeds and Northrup optical pyrometer focused on a small 
sight-hole which had been drilled in the center of the spec­
imen with the ultrasonic drill: 'The optical pyrometer was 
calibrated against a standard lamp obtained from the National 
Bureau oi* Standards. Sight glass corrections were made" ac­
cording to Wien's equation 
m - =c - 0.0000046 i ( 3 ) 
« a 
O „ 
o 0 ° 
o 0 
0 
o 
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Fig. 5» Construction details of resistance apparatus 
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" 
where I is the true absolute temperature and T| is the*ap-
o C 
garent absolute temperature. The assembled apparatus is 
shown in Fig. 6. * 
. 
E. X-Ray Investigation . • . 
X-ray diffraction techniques àre very useful' for iden­
tifying phases and studying allotropie transformations and 
solid state reactions. 
X-ray investigations were made on powder specimens at 
room temperature and massive samples at high temperatures. 
The powder specimens were obtained from alloy filings 
which had been passed through a 250 mesh sieve. Diffraction 
patterns were taken with a Debye-Scherrer powder camera and 
a North American Philips x-ray unit using a copper target 
and a'nickel filter. The powders were placed on glass fibers 
and mounted in the' camera. Diffraction patterns were taken 
of both annealed and unannealed powders. The powders to be 
annealed were placed in tantalum tubes and sealed in a quartz 
tube under a partial pressure of helium. The tube also con­
tained a piece of zirconium which served as a getter. The 
end of the tube containing the zirconium was placed .in a 
resistance furnace at 800°C for five hours. The tube was 
then reversed and the specimens were annealed for eight hours 
at 800°C followed by slow cooling in the furnace. 
The high temperature camera, equipped with a Norelco 
Fig. 6. Clamping arrangement and arrangement of 
potential leads on test bar 
6 
high-angle goniometer Geiger-counter x-ray difèfractometer, 
was the same as <£he camera designed by Chiotti (4) except 
that the aluminum foil window was replaced by a 10 mil thick 
beryllium window., The construction details of the camera • 
.are shown in Fig. 7. The hollowashaft and furnace cover are 
made of stainless steel and the vacuum support plate is made 
of aluminum. • Thje copper electrodes are insulated from the 
support plate by rubber "0M rings and mica. The furnace 
. components are made from tantalum. The specimen holder, also 
made of tantalum, was aligned along a diameter of the support 
plate passing through the center of the rotation axis of the 
goniometer. The specimen was placed in the holder with its 
surface along this diameter. The temperature was measured 
with an optical pyrometer focused on a small sight-hole drilled 
in the side of the specimen. The hollow steel .shaft was con­
nected to the vacuum system which maintained, a pressure of 
less than 10~^ millimeters of mercury during operation. 
Temperatures up to 1550°C were .obtained with this apparatus. 
The assembled apparatus is shown in Fig. 8. 
F. Microscopic Examination 
Microstructures of alloy specimens are one of the most 
useful methods of determining the phase relationships exist­
ing in an alloy system. Considerable effort was expended, 
therefore, in obtaining microstructures'depicting equilibrium 
Fig. 7. Construction details of high-temperâture 
x-ray diffraction furnace 
@ 
28 
Fig. 8. Apparatus for high-temperature 
x-ray investigations' 
29 % » 
o » 
conditions. 
1. Heat.treating apparatus 
Based on electrical resistance and thermal analysis 
measurements it had been determined that all phase changes 
occurring in the system took place above 1350°C. For this 
reason it was necessary to have a vacuum furnace in which 
small specimens could be annealed and quenched with the 
probability of obtaining>the least amount of contamination. 
The alloys were heat treated in the apparatus described' by 
Loomis (18) and shown in Fig. 9. A 1/2 inch diameter tantalum 
tube furnace 3 1/4 inches long was clamped to steel posts 
which in turn were bolted to water-cooled copper electrodes. 
The furnace was heated electrically and the temperature was 
held constant at any given value with the aid of a -constant-
voltage regulator. The specimen to be annealçd, approximately 
3/16 x 3/16 x 1/8 inches, was placed directly beneath the 
sight-hole on a small piece of tantalum sheet. The tantalum 
sheet was resting on a piece of beryllium oxide to prevent . 
contact of the specimen or tantalum sheet with the tube 
furnace. Quenching was performed with a high pressure' jet 
of -helium directed into one end of the furnace by means of 
a copper inlet tube. After closing the valve to the vacuum 
pumps, the quenching operation was performed by turning on 
the helium and turning, off the furnace simultaneously. By 

noting the amount of time required for the furnace to cool 
* t 
below red heat, after «initiating the quench, the codling rate 
of the furnace was estimated to be 600°C per -second. 
• . 
The heat treatment was accomplished by heating the ' 
specimen to within $0C° of its melting point for ten minutes. 
This short homogenization period was used since no in-
homogeneity was observed ih the arc-melted specimens. The • 
temperature was then lowered to 'the annealing temperature 
and held for one-half hour before quenching. At the tempera­
tures involved prolonged annealing was found to be unneces­
sary to promote equilibrium. The heat treatment was carried 
out in vacuo with pressures•less than 10"^ millimeters of 
mercury being maintained during operation. 
2. Polishing 
Some polishing procedures that have been used in the 
preparation of yttrium surfaces for microscopic examination 
have tie en described, by Carlson,- Eash and Spending (2). One 
technique, in which the final polishing is accomplished with 
a water suspension of Linde B on metcloth, develops a blue 
film on the surface of the specimen. The blue film covers 
the surface but outlines the grain boundaries and larger 
inclusions. In order to eliminate formation of the blue 
film, one micron diamond dust abrasive was substituted'for, 
the Lindè B. This produced a clear surface on the yttrium, 
3 2  
but left residual scratches that were difficult to refoove 
with subsequent polishing.o . 
In the metallographic investigation of the thorium-
yttrium system a blue film was also produced on the surfaces 
of the yttrium-rich alloys by the first technique described 
above. The second technique listed above eliminated the film 
and provided a surface that revealed the true microstructure 
of. the alloys with subsequent etching. Most of the alloys 
were examined by this method to determine whether the micro-
structures were supporting the data being obtained by other 
methods; however, the surfaces were not satisfactory for 
photographing the microstructures because of the scratches 
that were inflicted by the diamond dust. For this reason 
.an extensive investigation was conducted'on methods of 
producing a scratch-free .surface with no film. Many elec­
trolytic polishing and etching reagents,- that were known to 
' 
have worked with othçr reactive metals, were tried with no 
success. Suspensions of Linde A or Linde B in various acid 
solutions were tried on metcloth covered polishing wheels 
• „ 
. with some success, but the results obtained- by this method 
were inconsistent. The best hand polishing sequence,-
developed from an investigation of some other types of polish' 
ing cloths, is described below. °The specimens, after grind­
ing on abrasive papers, were given a côaTse,polish with 600 
jgrit silicon carbide abrasive on a billiard cloth wheel fol-
.. . 
-
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lowed by a short polish with one micron diamond dust on met-
cloth as before. The samples were then given a light etch 
with a solution containing 3" parts nitric acid, 5 parts 10% 
citric acid, 5 parts glycerine, 4 parts water and saturated 
with sodium fluosilicate. This' etch reveals the residual 
scratches and the microstructures to some degree, depending 
on the composition of the alloy. The final polish was ob­
tained with a-water and soap suspension of Linde B on a silk 
velvet cloth by alternately polishing and etching until the 
scratches were removed. No blue film was formed by this . 
method which appears to indicate that the metcloth has some 
effect on the formation of this film. The technique described 
above, while providing satisfactory results, has two dis­
advantages. It is a tedious process and there is severe 
inclusion removal. 'It was observed later that the inclusion 
retention was improved by. substituting a silk cloth for the 
billiard cloth in the first step of the sequence. ' 
' 
As a part of the investigation of polishing procedures 
a Syntron vibratory polishing machine was purchased. The 
theory and construction details of this polishing machine 
have been described by Long and Gray. (17). The assembled • 
apparatus is shown in Fig. 10. Another polishing bowl, the 
0 
tuning"controls, specimen holders and- additional weights for 
the specimen holders are also shown in Fig. 10. A large " 
o o0 
number of alloys were0polished with this apparatus following 
r.-.r:;- • - wri.;vyar-J*• 
Fig. 10. Vibratory polishing apparatus 
the procedure described below. The specimens were mounted 
in bakelite, fastened in stainless steel holders and vibra­
tory polished for one-half hour on a silk-.cloth that was 
covered with a"water suspension of 600 grit silicon carbide.. 
This removed the scratches produced by the paper abrasives. 
The alloys were polished for an additional one-half hour with 
a water suspension of Linde A on metcloth. The time of the 
last operation varied from one-half hour to two hours depend­
ing on the specimen. For thé first two steps an additional 
weight was added to the specimen holder to obtain the maximum 
polishing rate. This raised the total weight of the specimen 
and holder to .approximately 350 grams. The" extra weight was 
removed fçr the last step which lowered the weight to ap­
proximately 200 grams. Some 'of the alloys, particularly the 
thorium-rich alloys, required an additional brief polish by 
hand with Linde B on silk velvet to remove the very fine 
scratches produced during the last operation. 
'•This method has several advantages over conventional 
hand polishing techniques. A more uniform and flatter surface 
is produced with better edge detail and inclusion retention. 
The micrpstructure is often revealed without the use of an 
etchapt. Specimens of almost any size or shape can be 
polished since these vibratory machines are available up to 
three feet -in diameter. This.particular machine has ^ ' • 
twelve-inch diameter - polishing surface. Up to 24 specimens 
3 6 .  '  
can be polished at the same time without the constant attenr 
tion of an operator. . 
. 
3; Etching . . • . " 
Separate etching reagents were used to reveal the micro-
structures of alloys with different compositions across the 
system. The composition of the etchants and the conditions 
for using them are given in Table 6. Also listed are the 
alloy composition ranges over which these etching reagents 
are useful. 
It was often necessary to polish the specimens with 
Linde B on a silk velvet cloth after etching to remove the 
film produced by the action of the etchants. This was 
particularly true of as-arc-melted alloys and all of the al­
loys that were electrolytically etched. Some alloys, on the 
other hand, required no etching since their microstructures • 
were revealed by the vibratory polishing technique. ' The 
structures of' several of the thorium-rich alloys were brought 
out by a short polish with Linde B on silk velvet after the 
vibratory polish. Also, as shown in Table 6, the effective­
ness of some of the etchants overlap composition ranges and 
sometimes both etches were used on the same specimen. This 
table is meant to be a general guide.only. In practice . 
there was often considerable trial and error before structures 
were obtained that" produced good quality photomicrographs. 0 
Table 6. Compositions and uses of the etching reagents for thorium-yttrium alloys 
Etchant composition Application procedure Heat treatment and 
alloy composition 
range (wt. % Y) 
100 pts• HC00H, 2 pts. HC1, 
1 pt. HI 
Equal pts, H^PO^, ethylene 
glycol, CgH^OH 
8 pts. HN0^°, 3 pts. ethylene 
glycol, 7 pts. 10% oxalic . 
acid, sat. Na^SiF^ 
3 pts. HNO^, 2 pts. ethylene 
glycol, 1 pt. 10% citric 
acid, 1 pt. 10% oxalic acid, 
sat. NagSiF^ 
3 pts. hno3, 5 pts. 10% 
citric acid, 5 pts. glycerine, 
4 pts. HgO, sat. Na2SiF^ 
1 pt. HNO^, 2 pt's. HgO, sat. 
Na2SiF6, sat. Na2ClfHlf06 • 2HgO 
Con. HN0-, 
Electrolytic : 10-20 sees, 
at 10 volts . 
Developed by Peterson and 
Westlake (20) 
Electrolytic : 3 min. at 
40-60 volts 
Immersion: 15 sees, to 
2 min. 
Immersion: Up to 30 sêcs. 
Immersion: Very fast, 
rinse immediately with. 
water 
Immersion: Time decreases 
with increasing Y conc. 
Immersion: Very fast, rinse 
immediately With HgO • 
Th ( a s -qir c -melt ed ) 
Annealed and 
quenched Th to 15 
As-arc-melted 
10 through 30 
As-arc-melted 
40 through 50 
As-arc-melted qjid 
B quenched* 
60 to pure Y 
Annealed and . o „ 
quenched 
5 through 50 
Annealed and 
quenched 
30 to pure Y 
Ou 
-o 
G. Alloy Properties „ 
As "extensive regions °of terminal solid solubility were 
found to exist in this system, a preliminary survey of some 
of the alloy properties was conducted to -observe the gross • 
effects of composition on the properties of alloys across 
• , * 
these regions. 
1. Corrosion 
Corrosion- tests were made on a s-arc-melted alloys in 
boiling, distilled water and in 250° and 500°C air. .C.ubic 
or rectangular shaped specimens were cut from arc-melted 
alloys, weighed and the surface areas measured so that cor­
rosion rates could be calculated. • 
The specimens, tested in boiling water, were suspended 
in the distilled'water with nylon threads. The samples were 
removed periodically, dried with acetone, weighed and re­
turned to the test bath. Care was taker, to avoid, as much 
as possible, the removal of any film during the weighing 
operation. .The specimens were tested a maximum of 420 hours 
The specimens to be corrosion tested in air were placed 
on a stainless steel tray and inserted into a resistance 
furnace at 250°C and 500°C respectively. The specimens were 
removed periodically, cooled, weighed and returned „to the 
furnace. Since some specimens* flaked severely the alloys 
were tapped to remove the loose film before weighing. The" 
o  
o  
o  e  
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duration of the tests varied from 160 to 3,10 hours at 250°C 
o 0 ° 
and 20 to 100 hours at 500°C. « „ 
o 
» 
o 
2. Tensile 
« 
Tensile tests were conducted on standard, 1/4* inch, 
threaded tensile specimens. The specimens were prepared from 
arc-melted alloy rods approximately 5/8 inch in diameter by . 
4 inches long. A 25 wt% yttrium alloy was heat treated 
and quenched in the apparatus shown in Fig. 3» . The heat 
treatment consisted.of homogenizing at, 1500°C fer 15 minutes,. 
annealing-at 1200° C for one-half hour to produce a eute'etoid 
structure and then quenching the specimen. The quenching was 
' 
accomplished by passing a current through the cross wire 
shown in Fig. 3» . This caused the wire to heat up and fuse 
allowing the specimen to drop into the Wood's metal quenching 
medium that was contained in a pot .fastened to the bottom of 
the furnace. The bar was then machined to specifications. 
A.Tinius Olson, 12,000 lb. capacity, XY electronic o 
universal testing machine was used for pulling thfc specimens. 
A strain gauge, Tinius Olson model S-100-L with a gauge 
° % « 
length of 1 inch, was fastened to the specimen. The load and 
strain were thus automatically recorded on the machine's XY 
recorder. 0 A one inch deflection in the Y direction on the 
° o 
recorder represented 0.04 inches"per inch strain. A strain 
o 
rate of 0.005 in/in/min was employed. c 
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3. Rolling and hardness 
The rolling behavior of the alloys was investigated with 
specimens cut. from as-arc-melted buttons. The rolling was 
accomplished with a hand operated rolling mill and the reduc­
tion in thickness was. measured. A 25 wt. % yttrium alloy 
was quenched at 1200°C and rolled by the same method for 
comparison purposes. A Rockwell superficial hardness' tester 
was used to measure the hardness of each alloy-before it was 
rolled. . 
IV. PRESENTATION AND INTERPRETATION OF RESULTS 
The phase diagram which is proposed for the thorium-
O " 
yttrium binary system is shown in Fig. 11. This diagram is° 
based on data obtained from melting point determinations, 
thermal analyses, electrical resistance measurements, x-ray 
investigations and the examination of microstructures. An • 
transition occurs in.yttrium at l495°C as is shown in this 
diagram. A region of complete solid solubility exists above 
the <(yfl transitions of thorium and. yttrium. A maximum in the 
c( (Th) to JS ' transformation occurs, at l435°C and approxi-
mately 6% yttrium . The solid solution undergoes a eutectoid 
decomposition at 1375eC and 25 % yttrium. The eutectoid 
regions, below 1375° C, extend from approximately 20 to 30 % 
at room temperature with extensive solid miscibility in the 
<C(Th) and <£(Y) regions. 
In Fig; 11 and for subsequent figures and discussion, 
the following symbols will be employed: 
<*. Th = face-centered cubic allotrope of thorium. 
aTh = body-centered cubic allotrope of thorium. 
<* Y = hexagonal close-packed allotrope of yttrium. 
^5.Y = body-centered, cubic allotrope of yttrium. 
di (Th) = face-centered cubic thorium solid solution. 
JB'(Th) = body-centered cubic thorium solid solution below 
1535"C and containing less than 6 wt.' % yttrium. 
<<(Y) = hexagonal close-packed yttrium solid solution. 
^8 = body-centered cubic high temperature solid solu­
tion region. 
p ' -
All compositions referred to in this and subsequent 
discussion will be given as weight per cent yttrium. 
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Fig. 11. Phase diagram proposed for the thorium-yttrium alloy system 
A. Melting Point Dgta 
• • # 
" 
Measurements of the melting points of the alloys pro­
vided the first indication of a complete high temperature 
solid solution region. A plot of the data yielded a smooth, 
continuous line, represented in Fig..11 as the solidus, ex­
tending from the melting point of thorium to the melting 
point of yttrium. Table 7 .gives the compositions of the 
alloys tested and their melting points. _ Since melting points 
were also obtained on the resistivity specimens, these values 
are also shown in -Table 7« In many instances these melting 
Table 7» Melting points of thorium-yttrium alloys 
Alloy composition Temperature (°C) 
(wt. % Y) Melting point bar -Resistivity specimen 
100' 1515 . 1517 
90 1523 - 1530 
80 . 1533 — — 
77 • 1545 
- 60 1585 1578 
50' 1604 1602 
- 47 — — 1595 
40. 1620 
36.5 — — 1640 
30 1658 16# 
22 — — 1677 
20 1680 1680 
14 — — ' 1692 ' 
10 1700 — — 
.8.4 — •— 1695 
4.0 " — — 1740 
• 35 — — 1753 
Crystal bar thorium 1755 - 1757 
6 44 ® » ® 
@ ® @ 
o  0  o  
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points represent the average value obtained for several de-
terminations on the same alloy. 
The values for the melting point of yttrium obtained in 
this investigation compare very well with the value reported 
by Haberman (12). He obtained a melting point of 1509°C with 
specimens of distilled yttrium which contained approximately 
0.05 wt. % Op and no tantalum, zirconium or titanium. 
B. Results of Thermal Analyses 
Heating and cooling curves provided the first evidence 
of any transformations in the system. Thermal arrests were 
observed for all of-the alloys tested ; however, a reproducible 
arrest was not observed in yttrium at the dC>S .transition or 
at the melting point. The differential cooling curves, -al­
though unreliable as to the specifi-c temperature due to the 
changing calibration of the tungsten-niobium thermocouple, 
provided data on the temperature range of a thermal.arrest. 
That is, a change in temperature was easily detected by the 
differential thermocouple method. This provided a means for • • 
the determination of the upper solvus lines of the two-phase 
regions separating from (((Th) and cfc(Y) once the lower 
solvus line had been established by electrical resistance 
measurements. The upper solv.us line was established by add­
ing- the temperature difference between the start and end of 
a transformation to the lower solvus line. An estimated ac­
e  a  t o  
45 
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curacy of ± 10.C? for the position of,the upper solvus line, 
as shown in the phase diagram, was obtained by"this method. 
Since melting points of some of the-lower melting alloys 
could also be obtained with this apparatus ths same method 
was employed to obtain a section of the liquidus up to 40 $ 
yttrium. The compositions of alloys investigated, thç data 
obtained from the heating curves and the temperature-dif­
ferences through the transformation range are shown in Table 
8. The temperature at which the beginning of a thermal ar­
rest was observed on heating is shown. 
C. Electrical Resistance Data. 
The data obtained from measurements of the electrical 
resistance of the alloys provided the most accurate and re-
Table- 8. Results of differential analyses of thorium-
yttrium alloys 
Alloy composition • Transformation Melting point • • (wt. % 1) Temperature (°C) Range (C=) Temperature (°C) . Range (C°) 
100.0 No reproduc­ 1485 • • 
ible arrest • 
89.9 ' . 1460 8 1490 20 
79.9 1460 15 1517 22 
70.0 1460 20 1530 29 
61.8 1457 25 . 1540 50 
$0.0 1430" 20 1545 40 
40.1 1406 24 1557 30 
30.0 1387 48 — — 
20.0 ' - 1406 21 — — — — 
. 9.95 1445 13 — — — 
4 6  
0 0 
0 o 
producible determination of the eutectoid horizontal and 
•  o  
lower solvus lines. The construction of the lower solvus 
lines, shown in the phase diagram of Fig. 11, was based on 
the plot "of the electrical resistance data, also shown on 
the diagram. ' 
. 
The temperatures at which definite changes in slopes of 
the resistivity, curves were observed for various alloy com­
positions are given in Table 9. Specific resistivities were 
calculated from the measured resistances of each specimen 
over the temperature range, 900°C to the melting points of 
the alloys or to the maximum temperature at which the re-
•sistahce was measured. These data, specific resistivity 
versus temperature, are given in Figs. 12, 13 and l4. The' 
resistivity curves have been plotted to the same scale but the 
oïigin for each curve has been 'shifted to permit thç construc­
tion of more curves. 'The ^Th transformation was observed at 
1380°C as compared to the reported value of l400°C shown in 
Table 2. Chiotti (6) measured the transformation temperature 
as a function of carbon content. Extrapolating the data to 
zero carbon content, he determined the transformation tempera­
ture for pure thorium to 'be 1360+10°C. The 1380°C temperature 
found in this investigation 'is a reasonable value for thorium 
containing 100 ppm carbon. 
It is of particular interçgt to note the manner in which 
the resistivity break behaves with changing composition. As 
47 
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Table 9. Temperatures at which large changes in electrical 
resistivity occurred 
Alloy composition * ' 1 • Temperature 
Yttrium 3 495 
90.0 . 1490 . 
77.5 . ' . 1473 
60.0 • • . 1470 
50.0 1467 . 
47.3 1457 
36.6 - 1420 
30.4 1397, 1125 
27.6 . 1375 
25.1 ' 1375 • 
22.0 1375 
20.0 1385, 1200 
16.8 1405-
14.0 • 1422 
. ' 7.7 1434 
•6.1 • • 1435 
. 4.0. 1430 
2.0 1422 
1.2 1408 
0.35 . 1392 
Crystal bar thorium "1380 
yttrium was added to thorium, the temperature of the re­
sistivity break increased to a maximum at 11+35°C and 6 + 2 % 
yttrium and then decreased to the eutectoi'd temperature 
(1375°C) and remained constant-at this temperature. The 
temperature at which the resistivity break occurred was then 
observed to increase gradually with increasing'yttrium content 
up to 149 5° C for pure yttrium. With increasing yttriuçi com--
positron across the eutectoid region it was observed that. 
0 
the slope of the resistivity break changed from positive to 
o * 
negative. The resistivity» of the J3 solid solution does not 
• • 51. ' 
O 0 
appear to-increase as rapidly as the resistivity of. <K(Y) 
with-increasing yttrium content. 
The two breaks observed at 1125° and 1200°C in the 20 
and 30.4 % alloys respectively (Fig. 13) were interpreted as 
points on the <?C(Th) and <£(Y) terminal solid solubility 
phase boundaries. The intersections of the lower solvus 
curves with the eutectoid horizontal were.taken to represent 
the limits of <£(Th) and <C(Y) terminal solid solubility at 
the eutectoid temperature. The maximum terminal solid solu­
bilities found by this method are 21 and 28# yttrium re­
spectively at 1375°C. • • 
D. X-Ray Diffraction Data 
Data obtained from x-ray diffraction patterns were used 
primarily for the identification of phases at different com­
positions. 
1. Powder pattern data ' ' . 
Diffraction patterns of alloys in the composition range 
from thorium to '3,0% yttrium were indexed as face-centered" 
cubic. The lattice constants and compositions of these al­
loys are listed in Table 10. It is evident that the anneal-
o 
ing treatment introduced Impurities causing an expansion of 
the thoriumolattice since the lattice constant of thorium 
o © 
was approximately 0.013 A higher than the accepted value of 
0  0  
o 
0  
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5.086 A. The effect of the impurities appears to decrease 
with increasing yttrium content'upon comparison with the un­
annealed alloys. This is apparent from the fact that the 
lattice constant for the unannealed. thorium, powder is 
3.0846 A, a value in good agreement with the accepted value. 
Table 10. Lattice constants' of the face-cèntered cubic 
alloys 
O 
Alloy composition Lattice constants in A 
(wt. % Y) Annealed alloys Unannealed alloys 
Crystal bar thorium ' 5*0988 5•0846 • • 
5.0 - . 5.0885 5.0854 
10.0 - 5.0863 
15.0 5.0860 ' 5.0854 
20/0- ' 5,0857 "5.0854- . ' 
23 ' 5.0857 ' .5.0866 
. 25.0 -5.0858 
27 '- 5.0851 . --
. 30.2 5.0855 -T' -
There is only a 'slight increase in lattice constant as the 
composition approaches that of the. eutectoid region. This 
is an expected behavior since a slightly .larger atom, yttrium, 
is being substituted for thorium atoms in the thorium lat­
tice. This effect is better illustrated in Fig. 15 by the 
plot of lattice «constants versus weight per cent yttrium for 
both the annealed and unannealed powders. Such a small in­
crease in the lattice constant, versus composition does not 
permit the use of this plot to establish the <£(Th) / 
£V(Th) + (Y)J phase boundary" 
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Three weak yttrium lines were observed in the powder 
pattern of the 30% alloy and were not observed in the'pat­
terns of other alloys 'examined, in the jdC(Th) + cCCYj] region. 
This is not surprising, however. since the scattering power 
of thorium is approximately three times greater than that of 
yttrium causing the intensities of the thorium reflections 
to be much stronger than the yttrium reflections. Also, a 
number of the thorium reflections have diffracti'on angles 
close enough to some of the yttrium diffraction angles So 
that overlapping of the lines occurs, thus masking out the 
yttrium lines. 
The alloys with compositions of b-0% or greater have only 
the hexagonal close-packed yttrium structure which verifies 
the existence of the dC(Y) region, shown in the phase' diagram 
in Fig. 11. The lattice constants, and c/a ratios were de­
termined from the powder patterns by Cohen's (?) method of 
least squares which has been programmed for operation on an 
IBM 650 computer. ' The data obtained by this method are 
presented in Table 11 for several alloys in the <£(Y) region. 
The lattice constants 'of the k0% alloy were not calculated 
because the high angle reflections were too diffuse to ob­
tain accurate measurements. An'examination of Table 11 shows 
" -
that"aQ decreases and cQ increases slightly with increasing 
thorium (decreasing yttrium) content-which causes the c/a , 
ratio too increase toward the theoretical close-packed c/a 0 
> 0 e 
0 
0  
0 0 0 
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Table 11. Lattice constants of hexagonal close-packed 
yttrium alloys 
Alloy composition a„ cA c/a ratio 
<*• * v (i; (X) 
Yttrium 3*666 + 0.001 5.797 + 0.001 1. 581 
90.3 3*665 + 0.001 5.798 + 0.003 1. 582 
' 80.3 3*662 .+ 0.001 5.799 + 0.001 1. 583 
70.2 3*664 + 0.003 5.808 + 0.002 1. 584 
60.2 3.659 + 0.001' 5.819 + 0.002 1. 589 . 
50.0. 3.647 + 0.01 5.818 + 0.006 1. 590 
' 40.2 
— 
— 
- — — -• — -• — — — — — —-
ratio of 1.633.' If the face-centered cubic thorium lattice 
of the.30% alloy is converted to a pseudo-hexagonal cell, the 
O O 
new lattice parameters would be: aQ = 3*o0 A,- -c = 5*87 A 
•'and c/a = 1.633* Inspection o'f a plot.of aQ and cQ versus 
yttrium composition (Fig. 16) shows that the lattice constants 
of the hexagonal alloys are approaching these pseudo-lattice 
constants. 
2. High temperature data 
-The data obtained with the high temperature x-ray dif­
fraction camera verified the existence.of the high temperature 
body-centered cubic solid solution 'region as presented.in 
the,phase diagram (Fig. 11). • 
Diffraction peaks, identified as body-centered cubic', 
were obtained for alloys containing.25, 30, 35 and•50% yttrium 
"in the- temperature range l400° to l500°C. The temperature 
at w)%ich a peak was identified could not be determined ac-
$6-57 ; 
curately because the temperature was" being cycled through 
the transformation range at the time a peak was detected. 
This was necessary in order to -break, up the large-grained 
structure that forms in the one-phase regions at these tem­
peratures. Producing more grains increased the probability 
that at least one grain would be properly oriented to give 
a reflection that could be detected by the Geiger-counter._ 
The body-centered cubic reflections and their respective • 
lattice constants are shown, in Table '12. ' The lattice 
constant reported for the body-centered cubic allotrope of 
.thorium, as reported in Table 1, is also shown for comparison. 
It is evident.thàt there.is very little change in the "lat­
tice constant with composition across this region which in­
dicates that the atomic radii of yttrium and thorium are 
also similar in size at high temperatures. 
The body-centered cubic reflections may have -been present 
in an SO,3% alloy but the intensities were not sufficiently 
greater than the background intensity to be certain of their 
identification. ' The body-centered cubic structure was neither 
detected in a 90..3$ alloy nor.in .three pure yttrium specimens, 
probably because of the temperature effects that tend to 
decrease intensities at high temperatures. 
The hexagonal diffraction pattern of the region 
was observed to diminish in intensity and finally disappear 
. ° 
due to extreme grain growth. When tjie temperature at which 
58 
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Table 12. ' Reflections and lattice constants «of the body-
centered cubic phase detected between l400° . 
and 1500° C 
Alloy composition 
(wt.. % Y) 
• ' hkl Lattice constant 
(1) 
• 25.0 110 ' 4.10 + 0.01' 
30.2 • 110 • 
211 * . . 
4.io + o/oi 
4,10 + 0.01 
. 34.7 ;  110 • 
. . 211 
220 
- 310 
4.11 + 0.01 
4.12 + 0.01 ' 
4.11 + 0.01 
4.13 ± 0.01 
50.'0 110 
211 
220 
4.11 +• 0.01 
4.11 + 0.01. 
4.12 + 0.01 
80.3 no positive identification 
• 
90.3 not detected 
Yttrium not detected . 
. 
Thorium3 — 4.11 + o.oi 
aTaken from Table 1. 
an alloy transformed from d((Y) to ^ cC(Y) was reached,-, 
the hexagonal diffraction peaks reappeared and the JS 'reflec­
tions appeared. Cycling the temperature through the 
£d((Y) + j&] region increased- the intensities of the reflec­
tions due to the- nucleation. of a larger, number of grains. 
This behavior was observed in all but the 90.3% alloy and 
the unalloyed yttrium specimens. Once the pattern disap­
peared with these "samples, it was not observed again even* 
m o 
O 
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after cooling to room temperature. The highest temperature 
at which the hexagonal pattern was observed in yttrium was 
approximately l400cC. 
The cC (Th) and <£(Y) diffraction patterns were identic 
fied in a 30.2# alloy from room temperature up to 1250°C. 
At this temperature the face-centered cubic (K(Th)- pattern 
disappeared and the hexagonal (Y) pattern became more in­
tense. The (£(Y) pattern was retained up to the transforma­
tion temperature where the j3 pattern was observed. The 
disappearance of the (R(Th) pattern was interpreted as a 
point on the boundary between the <&(Y) and the (d((Th)+ <C(Yjj 
regions. 
The 25% alloy retained intense <^(Th) reflections up 
to the eutectoid temperature where they disappeared abruptly, 
'and ,J& phase was identified. The eutectoid structure of this 
alloy,prevented extensive grain growth from occurring in this 
alloy. 
E. Examination of Microstructures . 
Microstructures of the alloys quenched from different 
temperatures reveal the existence of the eutectoid.reaction 
and the 0C(Th), flC(Y) and J3 solid solution regions as shown 
in the phase diagram. 
The structures of the as-arc-melted alloys show that a-
reaction is taking place during"cooling that breaks up the 
® 60  © 0  o 
o 0 o 
columnar-shaped grains usually observed in this method of 
alloy preparation. Figures 17 through 24 illustrate this 
statement. Figures 1? and 18, photomicrographs of as-arc-
melted yttrium and an 80% alloy respectively, show the 
C 
.6 
columnar-type structure. The precipitate, visible within 
the g-rains of these alloys, is commonly observed in the micro-
structures of all the yttrium and yttrium-rich alloys of this 
system. ' This precipitate is believed to be yttrium oxide, 
because of the high oxygen content of the yttrium, and is 
considered as one of the' major causes of the heavy filming 
of some grains that occurs during etching.• Alloys containing 
10, 30 and 50% yttrium (Figs. 19, 20 and 21) exhibit a 
transformed structure in which there 'appears to be a sub­
structure within the larger .primary grains. The 25% alloy 
(Fig. 22) has retained most of the primary solid solution 
structure and also shows partial transformation to the eu­
tectoid structure. Figure' 23 is a higher magnification of 
the.same alloy showing more clearly some of the transformed 
areas. The microstructure.of an as-are-melted thorium 
.specimen is shown in Fig.. 24. 
The microstructures of the quenched alloys are more 
easily interpreted if their- photomicrographs are arranged in 
series, each series consisting of alloys of different com­
position quenched from the same temperature. Figures 25 to 
31 represent such a series quenched from a 1200°C isotherm. 
. ' ' ' 
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Fig. 1'7. . Yttrium. As-arc-melted. dC Y plus oxide ppt. 
and etchant film. ENO^-glycerine-citric acid-
HgO-NagSiF^ etch and HNO^ etch.. X^O 
Fig. 18. 80% yttrium alloy. As-arc-melted. Columnar-
shaped grains containing' oxide stringers. HNO^ 
glycerine-citric acid-EgO-Na^SiF^ etch. XI00 
Fig. 19. 10% yttrium alloy. As-arc-melted. Transformed 
J3 . HNO^-ethylene glycol-oxalic acidrNa2SiF^ 
etch. Polished to remove film. XI00 
Fig. 20. 30% yttrium alloy. As-arc-melted. Transformed 
Ji . HNOg-ethylene glycol-oxalic acid-NagSiF^ 
etch. Polished to remove film. X100 
* 
Fig. 17 ' Fig. 18 
Fig. 21. 50% yttrium alloy.• As-arc-melted. Transformed 
/} . HNO^rethylene gl'ycol-citric acid-oxalic 
acid-Na0SiF/ etch. Polished to.remove film. 
X100 - o 
Fig. 22. 25% yttrium alloy. As-arc-melted. Primary ^ 
structure + eutectoid. HNO^-ethylene. glycol-
oxalic-NagSiF^ etch. XI00 
Fig. 23. 25/o yttrium alloy. • As-arc-melted. Primary 
structure + eutectoid. HNO^-ethylene glycol-
oxalic-NagSiF^ etch. X1100 
Fig. 24. Thorium. As-arc-melted. <ATh. Formic acid-HCl-
HI electrolytic etch. Film partially removed by 
polishing. XlOO • . 
Fig. 23 Fig. 24 
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fig. 25» 5% yttrium alloy.- Quenched from 1200°C". ,c< (Th). 
Vibratory polished and hand polished. HNÔ^-E^O-
Na2SiF6-Na2C1+Hl+06 etch. Xl^OO 
Fig. 26. 20% yttrium alloy. Quenched from 1200°C.. 
Eutectoid in <£(Th) matrix. .Vibratory and' hand 
polished. Unetched. X250 
Fig. 27.  • 25/o yttrium alloy. Quenched 'from 1200°C. 
Eutectoid. Hand polished. HNO^-H^O-NagSiF/-
Na2CA°6 etch. X250 
Fig. 28. 25% yttrium alloy. Quenched from 1200°C. 
Eutectoid. 'Vibratory polished. Unetched. 
Oblique light. X450 
© 
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.Fig. 29. 3°%- yttrium alloy. Quenched from 1200°C. dv(Th) 
in <K(Y) matrix. Vibratory polished. -HNO^-HgO-
NagSiF^-NagC^H^O^ etch and HNO^ etch. X100 
Fig. 30. 35% yttrium-alloy. Quenched from' 1200°C. K(Y). 
plus etchant film. HNO^-HgO-NagSiF^-NagC^H^O^ 
etch. • X100 
Fig'. 31. Yttrium» Quenched from 1200°C. Y, twins, oxide 
ppt., and etchant film, HNO^-glycerine-citric 
acid-E^O-Na^SiFz etch. XI00 
Fig. 32.• 20% yttrium alloy. Quenched from 1350°C. cC(Th) 
plus heavily etched grain boundary impurities. 
.Vibratory polished. HNO^-HgO-NagSiFx-NagC^H^O^ 
etch. Polished to remove film. X 250 
A O 
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Figure 25 shows the one-phase <<(Th) structure in the 5% 
c 
alloy. The structure o,f the 20% alloy (Fig. 26) shows small 
areas of eutectoid in'an <X(Th) matrix. This.composition is 
very close to the phase boundary between cfc(Th) and 
£k"(Th) + c£(Y)J because of the small amount of eutectoid 
present. At 25% a fine, lamellar eutectoid structure is 
observed (Figs.' 27 and 28). The structure, shown in Fig-. 27 
was obtained by the hand-polishing method and etching pro­
cedure described in another section. -Figure 28 shows the 
'same structure as obtained with the vibratory polisher with-, 
out a subsequent etch. Oblique lighting was used to improve 
the contrast' betweefi lamellae when this photomicrograph was 
taken. 'Figure 29 represents the structure obtained for a 
30% alloy in which.a small amount of (K(Th) is present in an 
o((Y) matrix indicating that this alloy is very close to the 
cf(Y)^/|oC(Th) + cC(Y)j boundary. Figures 30 and 31 (35% and 
pure yttrium) represent one-phase structures of o((Y) and 
<£Y respectively. 
A 1370°C isotherm is represented by Figs. 32 to 36. 
This temperature is just slightly below the eutectoid hori­
zontal. Figures 32 and 33 show the one-phase structure ob­
served in the 20 and 3,0% alloys respectively. Since these 
alloys were in the two-phase field as quenched from 1200°C, 
this helps to define the boundaries separating the eutectoid 
region from the solid solution regions of "cC(Th), and <K(Y). 
° o « 
Q 
O 
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Fig. 33. 30% yttrium alloy. Quenched from 13?5°C. oC(Y). 
Vibratory polished. HN0-.-HC)0-NaoSiFA-NaoCi,Hk0/ 
etch. X100 3 ^ 2 o 2 4 4 b 
Fig. 34. 2k% yttrium alloy. Quenched from 1370°C. 
Eutectoid in *(Th) matrix. Vibratory polished. 
HN03-H20-Na2SiF6-Na2ClfHIf06 etch. X250 
Fig. 35. 25% yttrium alloy. Quenched fr.om 1370°C. 
Eutectoid. HNO^-H^O-NaoSiF-z-Na-CiHi Oz etch. 
X500 . 3 2 2 6 2 4 4 6 
Fig. 36. 28% yttrium alloy. Quenched .from 1370°C. (Th)' 
in <fc(Y) matrix. Vibratory polished. HNOg-HgO-
Na2SiF6-Na2ClfHlf06 etch. X2^0 
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The 24% alloy (Fig.,°34) shows a fine-grained ° <*(Th) structure 
with some eutectoid present. A coarse eutectoid structure 
was observed in the 25% alloy as shown in Fig. 35- A 28% 
' alloy (Fig. 36) has a small amount of tC(Th) in an <fc(Y) 
matrix.. 
Figures 37 to 44 represent the structures obtained from 
a l400°C isotherm. This temperature is 25 C°above that of 
the temperature of the eutectoid horizontal. Figure 37 (a 
10% alloy) represents a.one-phase structure in the <£(Th) 
region. The existence of the two-phase region. (jk(Th) + ysj 
is confirmed by the microstructures shown in Figs. 38 and ' • 
39» Approximately equal amounts' of each phase are present 
in the 23% alloy (Fig. 38) and a small amount of <XXTh) is 
present in a- JS matrix in the 24% alloy (Fig. 39). . Figure 
40 (a 25% alloy) illustrates a quenched >5 structure with 
no characteristic eutectoid structure, as is observed at 
lower'temperatures. The two-phase £c((Y) + jq2 structure 
was observed in a 30% alloy as shown in Fig. 4l. Figures 
39, 40 and 4l also aid in establishing the eutectoid composi­
tion at approximately 25% yttrium. At 35% yttrium (Fig. 42) 
only the (fc(X) phase is present at l400°C. This i's- also true 
of the 80% alloy shown in Fig. 43. This structure was ob­
tained in this alloy by vibratory polishing without subsequent 
etching. The very large grains observed in the 35" and 80% 
1 
alloys are characteristic of all of thê alloys quenched from 
<53 
Fig. 37* 10% yttrium alloy. Quenched from 1390°C. <K"(Th) 
E^O^-glycerine-C^OH electrolytic etch. 
Polished to -remove most of the film. XlOO 
Fig. 38. 23% yttrium alloy. Quenched from l400°C. (Th) 
in clear areas and transformed JS . Vibratory 
polished. HNO^-HgO-NagSiF^-NagC^H^O^ etch. X250 
Fig. 39. 2k% yttrium alloy. Quenched from 1400°C. ' <K (Th) 
_ in matrix. Vibratory polished. ENO^-ti^O-
• NaggiF^-NagC^H^O^ etch and polished to remove 
film. X250 
Fig. 40. 25% yttrium alloy. Quenched from l400°C. ^ 
quenched structure. Vibratory polished. HNO-,-' 
HgO-NagSiF^-NagC^H^O^ etch. X250 . . ^ 
V © 
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Fig. 4l. 30% yttrium alloy. Quenched from l400°C. in 
dark cC(Y) matrix. Vibratory polished. HNO^- • 
H20-Na2SiF6-Na2ClfH1+06 etch. X100 
Fig. 42. 35% yttrium alloy. Quenched from l400?C. <£(Y). 
Short oxide stringers oriented in one direction. 
Vibratory and.hand polished. Unetched. XI00 
Fig. 43. 80% yttrium alloy. Quenched from l400°C. <C (Y) 
and twins. Vibratory polished. Unetched. X100 
Fig. 44. 15% yttrium alloy. Quenched from l450°C. J* 
structure. Vibratory polished and hand polished, 
HNO^-HgO-NagSiF^-NagC^H^O^ etch and polished to 
remove film. XI00 
© 
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high temperatures in the <&(Y) region. 
o * 
A 11+50°C isotheritf, which is well above the eutectoid 
O 
horizontal, is presented in Figs. 44 to 52. Figures 44, 45 
and 46 (15, 20 and 24% yttrium) represent transformed struc­
tures obtained by quenching from the thorium-rich>5 region. 
The 25% alloy (Fig. 47) shows a transformed j3 structure with • 
some black areas that are recognizable as a fine eutectoid- • 
which indicates that the quench was not fast enough to com­
pletely suppress the formation of the typical eutectoid struc­
ture. The 30% alloy (Fig. 48) is interpreted as having been 
quenched from just within the J3 region. The 35 and 40% al­
loys (Figs. 49 and 50) are two-phase alloys in the • 
jj£(Y) + region. The dark phases in the 35 and 40$ al­
loys are (Y"). Figure 51 shows the one-phase d((Y) struc­
ture obtained in the 45% alloy which is similar to tjhe micro-
structure of pure yttrium (Fig.' 52). 
Alloys containing 23, 24, 50, 60, 80 and 90%' yttrium, 
quenched from approximately 1500°C, represent an isothermal 
section within the Ji region. The microstructures of these 
* 
alloys (Figs. ^3, 5*+, 55, 56, 57 and 58 respectively) are 
typical of the" transformed J2 structures. The grain refine-
o 
ment obtainèd by quenching from the j8 region is more apparent 
c e • 
by a comparison of Figs. 57 with 43 and Figs. 58 with 59, 
a * 
which represent an 80% alloy quenched from 1500 and l400°C 
and a 90% alloy quenched from 153° and 1470°C respectively. 
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Fig. 45. 20% yttrium alloy. . Quenched from l450°C. jS 
. • structure. Vibratory polished.- HNO^-HgO-
NagSiFx-NagC^H^O^ etch and polished to reAove 
film, XI00 
Fig. 46. 24% yttrium alloy. Quenched from l450°C. 
Transformed J3 structure. Vibratory polished. 
• . HN03-B20-Na2SiF/-'Na2C4H1+06 etch.. X250 
Fig. 47. 25% yttrium alloy. Quenched from l450°C.-
Transformed Ji . Vibratory polished. HNO^-HgO-
Na2SiF6-Na2Cl+HIf06 etch. X250 
Fig. 48. 30% yttrium alloy. Quenched.from l450°C just 
above 0((Y) +j6J /solvus. Transformed^ . 
Vibratory polished. HNO^-HoO-NaoSiFz-Na^CvHvOz 
. etch. X250 • J 
O 
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Fig. 49. ' 35% yttrium alloy. Quenched from l450°C. in. 
df(Y) matrix. .Vibratory polished. HNO^-I^O- , 
Na2SiF^-Na2ClfH1+0^ etcjh. XI00 
Fig*. 50. 40/a yttrium alloy. Quenched from l455°C. JB. in 
<* (Y) matrix. HN0~-Ho0-Nao8iFz-NaoC. HtOz etch. 
X100 3 2 2- 6 2 4 4 6 
Fig. 51. 45% yttrium alloy. Quenched from l450°C. _cC(Y), 
Vibratory polished and 'hand polished. HNOy-H^O-
NagGiF^-NagC^O^ etch. X100 
Fig. 52. Yttrium. Quenched from l455°C. cC Y. Vibratory 
polished. HNO-j etch and hand polished to remove 
film. X100 J 
@ 
81. 
O S 
7m 
Fig. 49 Fig. 50 
iili, 
X-
>f 
y" 1 
Fig. 51 Fig. 52 
C=' 
G 
© 
o 
9 O 
Fig. 53- 23% yttrium alloy. Quenched from l500°C. 
Transformed °j8 Vibratory polished. HNO^-
• H20-Na2SiF6-Na2ClfH1+06 etch. X2?0 
Fig. 5^» 2h% yttrium alloy. Quenched from 1500°C. ' 
Transformed . Vibratory polished. HNO^-I^O-_ 
Na2SiF6-Na2C4H406 etch. X2?0 
Fig. 55« 50% yttrium alloy. Quenched from l500°C. *3 ' 
quenched. Vibratory polished. HN0^-H20-Na2SiF^» 
Na2C1+H)+0^ etch and polished to" remove film. XI00 
Fig. $6. 60% yttrium alloy. Quenched from £V(ï) + ^ 3 
region at ll+78°C. cC(Y) not distinguishable from' 
transformed jS . Vibratory polished. HNO^-HgO-
NagSiF^-NagC^H^O/ etch and polished to remove 
film'. X100 
€ 
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Fig. 57» 80% yttrium alloy. "Quenched from 1500°C. jQ 
quenched. Vibratory polished and hand polished 
. ' • HN03 etch. X100 
Fig. 58. 90% yttrium alloy.. Quenched from 1530°C. 
quenched. HNO^-glycerine-citric acid-HgO-
NagSiF^ etch. XI00 
Fig. 59• 90% yttrium alloy. Quenched from 1470°C. <<(Y). 
Vibratory polished. Unetched. XI00 
Fig. 60. 10% yttrium alloy. Quenched from l44^°C. J2 
quenched. HN0_-Jio0-NaoSiF/-Na0C< Hj 0/ etch. 
' X250 3 '2 2 6 2 4 4 6 
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The 1400 and lk70°C quenching temperatures are within the 
® @ o , 
0 <(Y) region as typified by the large, equili^rimn-type grains. 
The grain refinement observed by®quenching yttrium-rich al­
loys from the region was not observed with alloys quenched 
* « 
f r o m a b o v e  t h e  cfv(Th) region. This is illustrated in the • 
© . 
one-phase structures obtained for 10 and 15% alloys .(Figs. 60 
and 44) quenched from 1450°C, a 15% alloy (Fig. 6l) 'quenched 
from the |2(Th) + region. A thorium- specimen and 5 and 10% 
alloys (Figs'. 62, 25, 6] and 37) quenched from the oC(Th) 
region have structures similar to the fi quenched alloys above. 
The effect on the structure if a blue film is produced 
on the surface during the polishing treatment is shown on a 
slow-cooled yttrium specimen (Fig. 64). The large stringers, 
oriented'along certain crystallographic planes, are charac­
teristic in .this metal when the. oxide impurity 'precipitates 
from solid solution during slow cooling. These stringers 
can also be observed in a quenched yttrium specimen (Fig. 
. 
65) ,  but  are  very  sha l l  due  to  the  quench ing .  
The last- photomicrograph (Fig. 66) shows one corner of 
the 30% alloy quenched from 1375°C. This structure shows the 
effect of the distillation of yttrium that occurred during 
the high temperature homogenization period. Three phase 
regions are represented; an c<(Th) region is shown in the 
lower left-hand corner followed by .a eutectoid region as the 
yttrium content increases, and an <£(Y) phase is seen in the ® 
O 
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Fig. 61. 15% yttrium alloy. Quenched from ljt(Th) °+ 
region at 1427°C. (K (Th) in indistinguishable 
from>5 . Vibratory polished and hand polished, 
HgPO^-glycerine-CgH^OH electrolytic etch and 
polished to remove most of the film. XlOO . 
Fig. 62. Thorium. Quenched from 1300°C. <KTh. H^PO^-
glycerine-CgH^OH electrolytic etch and polished 
to remove film. XlOO 
Fig. 63. 5% yttrium alloy. Quenched from l425°C. flC(Th). 
Vibratory polished and hand polished. Unetched. 
. XlOO ' ' 
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Fig. 64. Yttrium. As-consumably-arc-melted. 
Blue film polishing technique. Unetched. 
XlOO 
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Fig. 65. Yttrium." Quenched from 1300°C. 
without blue film. 
Polished 
HNOg etch. X250 
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Fig. 66. 30% yttrium alloy. Quenched from 1375°C. °C(Th), 
lower left-hand corner; eutectoid, center; and 
<&(Y), upper right-hand corner. Vibrâtory 
polished. HNO.-HgO-NagSiF^-NagC^O^ etch. X250 
© 91 
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upper right-hand corner representing the homogeneous 30% ® 
composition. 
'© 
°« • The.eutectoid region 8f the phase diagram has been ex-
" ' « 
panded (Fig. 6?) so that a plot of thé*microstructure data 
« 
could be made including additional alloys not discussed 
previously. Additional alloys were also examined in the 
<X.(Y) region above 50% and at temperatures as low as 1000°C 
« 
with the characteristic large-grained <£(Y) structure being 
*
:  :  
'  
observed in each of these alloys. 
• 
• . F. Yttrium Allotropy 
One of the reasons for the interest in this particular 
system was the possibility of extensive solid solubility at 
high temperatures should the expected allotrope of yttrium 
exist; and, if so, to determine its transformation tempera­
ture and verify the high 'temperature structure. If a body-
centered cubic allotrope were found at high temperatures, the 
Hume-Rothery rules suggested that complete solid solubility 
should exist in the body-centered cubic region. It was felt 
that, if these predictions were verified, the phase boundary 
might be extrapolated to give a value for the transformation 
temperature of pure yttr.ium. 
A high temperature allotrope of yttrium was shown to 
exist between l495°C and the melting point of yttrium at 
o ° 
1515°C as is indicated in the phase diagram presented in 
9 
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Fig. o?• Expanded thoriuin-yttrium phase diagram of the eutectoid region con­
taining a]|)iot of microstructure data obtained from quenched alloys 
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Fig. 11. Although the body-centered cubic diffraction pat­
tern was not®observed in an yttrium specimen in this tempera-
• - e ' 
ture range, the author submits «that the following observa-
* ,• * <- ' . 
.tiôns justify .this conclusion, . 
An examination of the' microstructures of. alloys quenched 
• from the c<(Y) and /3 regions, as discussed in the preceding 
. 
section, showed the existence'of a continuous series of solid 
solutions across the entire system at high temperatures. 
This condition could not exist without a high temperature 
body-centered cubic allotrope of yttrium. Also, x-ray data 
of alloys examihed in the y3 region indicated that this al­
lotrope has a body-centered cubic structure with a lattice 
o . • 
constant of 4.11 ± "0.02 A, calculated from the room tempera-
ture atomic radius of yttrium. Furthermore, the dv.(Y) to 
^oC(Y) + /Sj solvus, established from the plot of the re­
sistivity versus•composition data, extrapolates to 1495 ± 
• * 
10°C at pure yttrium. This temperature was substantiated by 
a resistivity break in yttrium at 1495°C as is shown by the 
data plotted in Fig. 68. This curve was reproduced on three 
separate specimens fabricated from the special yttrium re­
duction. 
Additional information supporting this evidence has been 
found in two other yttrium, binary alloy systems. Gibson 
0 o 
(lO) has quenched a magnesium - 90% yttriufi alloy from a 
one-phase region above °a eutectoid that exists at this com-
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* * 
position at 7789C. The S'olid solution chase was retained 
. * . - - ' . 
and x-ray diffraction patterns identified this phase as body-
• ; \ ' . ' • " 
centered cubic with a lattice constant of approximately 
O 
3.90 A. Since the size factors are favorable for extensive.. * 
* 
solubility of magnesium in yttrium it appears reasonable that 
magnesium rapidly lowers the; yttrium transformation as • 
. - . . . ' ' 
evidenced by Gibson's investigation. Valletta (24-) has 
estimated that the oC# yttrium transformation lies between 
1460 and 1490° G based on his investigation of. the lanthanum-. 
yttrium, system. He. based this observation on extrapolated 
thermal data of th;e beginning and end of a transformation : 
from a hexagonal yttrium solid solution region to a high 
temperature solid solution region. 
G. Properties \- • 
The results of this preliminary survey of some of the 
properties of the thorium-yttrium alloys are summarized in : 
the next two sections. 
1. Corrosion * 
e * 
The* data obtained from the corrosion studies are pre­
sented. in Figs. 69, 70§ 71 and 72. These graphs -show the 
o 2 
corrosion rates of the alloys in mg/cm /hr versus time in 
hours. Figures 69 and 70 show the corrosion rates of the 
alloys tested in boiling, distilled water. All the alloys 
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show an initial gain in weight which usually is'interpreted . 
as the formation of an oxide film- The corrosion rate then 
depends on the protective ability of this film. The rates 
approach zero with time if the film is protective, become 
negative if the film flakes off or remain positive if either 
yttrium or oxygen cag diffuse through the*film. The 15 and 
90% alloys have,about the same corrosion rates as yttrium. 
The corrosion resistance is markedly lowered in the.alloys 
containing 35 to .60% yttrium. The addition of 10, 20, 25» 
70 °and 80$ yttrium to thorium appears to have produced a 
slight, improvement- in the corrosion behavior of both thorium 
. 
'and yttrium in a .420 hour test. 
- The addition of yttri°um to thorium tends to improve i^s 
corrosion resistance toward air oxidation. Figures 71 and 
. .  . .  .  °  «  
72 show the corrosion behavior of the alloys tested in 250 
and 500°C air respectively. The large negative corrosion 
rates are indicative of severe flaking. Only the yttrium 
specimens showed appreciable resistance to air oxidation at 
both 250 and 500°C. 
In the water corrosion test a black, adherent film formed 
on the surface of thorium. With increasing yttrium composi­
tion this film became less adherent and changed in color from 
oblack to white. This behavior was reversed with increasing 
yttrium composition in the air oxidation tests. In these 
tests the dark protective film was formed on®the yttrium 
<, 101 © 
« ® 
specimens and the white, non-adherent film was produced on 
o 
iioy 
the thorium-rich specimens. 
•«#! '» ; 
2. Mechanical and physical a 
•S 
The data on the tensile properties, rolling behavior, 
hardness and density are summarized in Figs. 73 and 7^. 
Figure 73 shows the data obtained from the tensile tests 
and rolling experiments on alloys in the as-arc-mel^ed condi­
tion. Also shown for comparison are the corresponding values 
obtained from the 25% alloy after it was annealed and 
quenched from 1200°C. The yield strength decreased quite 
markedly with the addition of 10% yttrium and remained es­
sentially constant with further additions of yttrium. The 
yield strength of the quenched 25% alloy was higher than the 
corresponding as-arc-melted alloys. The curves representing 
the per cent elongation and per cent reduction in the area 
are identical, in shape. These curves show a minimum in 
ductility with additions of small amounts of yttrium. The 
composition 'at which this minimum occurs is estimated to lie 
between one and 5% yttrium since the 10% yttrium'alloy ap­
pears to be near a maximum in the ductility curve. The 
quenched alloy, also plotted on these curves, has a much 
lower per cent elongation and reduction in area probably 
caused by the properties of the lamellar eutectoid structure. 
The results of the rolling tests, also plotted in Fig. 73, 
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show that alloys containing up to 30% yttrium can be rolled 
to at least 90% reduction in thickness. cAlloys in the 20 to 
f ' * * 30/6 range developed severe edge cracks after approximately 
M-0% reduction; however, the cracks do not propagate with 
Q) © ffi 
subsequent rolling. The per cent reduction in thickness that 
a 
the alloys can withstand before breaking decreases with in­
creasing yttrium composition across the <*(Y) region. 
Figure 7k shows the variations in hardness and density 
as a function of yttrium composition. The hardness increases 
c 
rapidly across the o((Th) region which is a typical behavior 
for solid solution hardening. The hardness continues to 
o o, 
increase rapidly up to0 25% yttrium, which-is probably caused 
o a  
by the transformed J3 in the eutectoid region. The fact that 
the hardness does not decrease across the <&(Y) region^with 
increasing amounts of yttrium is probably caused by the high 
° Oi 
level of oxygen impurity. Lower hardness values have been 
observed with yttrium containing less oxygen. The densities, 
both x-ray and measured, exhibit tWfe negative deviation from 
linearity so often observed across solid solution regions of 
alloy systems. 
© 
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V. SUMMARY 
© 
(S Q 
The binary al^oy system of thdrium and yttrium has been 
investigated by thermal, electrical resistance, x-ray and g 
microscopic methods. "On the basis of data obtained from 
•7 G 6  
these investigations, a region of complete solid miscibility 
c ° & 
exists at high temperatures, a eutectoid reaction occurs at (6 
1375°C and 2 5% yttrium and there is a maximum in the (Th) 
to J3 transformation at 1435° C and about 6% yjbtrium. It is 
interesting to note that these observations substantiate the 
predicted behavior of the system based on the Hume-Rothery 
rules. 
The high temperature data that were obtained by elec­
trical resistance measurements, microscopic examinations and 
o 
x-ray analyses on the yttrium-rich alloys and yttrium showed 
O 
thj^t an allotropie transformation from a hexagonal close-
packed to a body-centered cubic structure exists in yttrium 
•> 
at 1495° C. 
On the basis of microstructure, resistivity and x-ray 
measurements, the terminal solid solubilities of the cC(Th) 
and oC(Y) regions at room temperature were determined to be 
approximately 20 and 30^ yttrium respectively. 
The proposed phase diagram for the thorium-yttrium 
binary system is shown in Fig. 75* In the phase diagram the 
o 
liquidus from thorium to 40% yttrium and the upper solvus 
over the <£ (TW region are shown as dotted lines indicating 
o 
a o 
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some uncertainty in the exact positions of these boundaries. 
The corrosion resistances of yttrium and thorium in 
boiling water were not improved by alloying. The air cor­
rosion of thorium was improved somewhat* by additions of 
<yttrium, but pure yttrium showed the best air oxidation re-° 
n ~ 
sistance. 
Alloying had no apparent effect on the tensile strength 
of either yttrium or thorium, but the yield strength of 
thorium decreased noticeably with an addition of 10$ yttrium. 
The ductility of thorium decreased sharply with an addition 
of one$ yttrium and increased to a maximum at 10$ followed 
by a more gradua] decrease with subsequent additions of yt­
trium. Thorium and alloys in the <<(Th) and eutectoid regions 
0 
withstood extensive rolling, but alloys in the <?C(Y) region 
failed after relatively small reductions in thickness. The 
hardness of thorium increased with additions of yttrium but 
an increase in hardness was not observed with additions of 
thorium to yttrium, probably because of the high oxygen 
content in the yttrium. 
The densities of the alloys showed the negative devia­
tion from linearity usually observed with alloying. 
C£) 
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